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ABSTRACT 
The purpose of this thesis was to study fiber orientation 
in paper made on the pilot plant paper machine at Western 
Michigan University. The variables used in the study were 
fiber length and draw tensions. The shrinkage of the web 
was one dependent variable that was measured. 
It was found that, on this paper machine, fiber orienta­
tion is independent of fiber length. Also, large draw tensions 
will increase the degree of orientation in the direction of the 
draw. And finally, increased draw tensions will result in an 
increase of MD elongation and CD shrinkage. 
It is recommended here that further study be done in the 
area of refining and its affects on orientation. 
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INTRODUCTION 
The existence of fiber orientation in machine made 
papers is well known. Early workers associated sheet 
anisotropy entirely with fiber alignment and this concept" 
was unchallenged for many years. For exampl_e (12), they 
used tensile strength anisotropy as a measure of fiber 
orientation. They noted that the anisotropy developed 
primarily while the paper was bein� dried and concluded 
that most of the fibers were oriented in the dryer sections. 
However, Danielson and Steenberg, in Schulz (11), found that 
the combing action of the wire was the chief cause of fiber 
alignment in the sheet. They concluded that changes in 
fiber orientation in the dryer section were small. 
It is the purpose of this thesis then, to study the 
orientation of fibers in paper made on the pilot paper 
machine. Variables include fiber length and draw tensions. 
Another goal is to measure the effect of orientation on the 
degree of shrinkage of the sheet. 
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SHEET STRUCTURE 
According to Kallmes (6), paper is a three-dimensional 
structure with the fibers piled in layers on·top of one 
another. The layers are made up of fibers which can be 
randomly oriented or highly biased in the machine direction 
depending upon where they are found in the sheet. He found, 
by using a sheet splitter and testing the sections with a 
zero span tensile instrument, that the wire side of the 
sheet was the most "square" and the top side was the most 
oriented. He also stated that there was little interweaving 
of the fibers between layers. Majewski (13), has stated that 
sheet structure can be fully described in terms of: the dis­
tribution of fines, the degree of fiber orientation and the 
degree of fiber dispersion, or flocculation, throughout the 
thickness of the sheet. Also, the strength of paper is 
dependent on basic sheet characteristics as fiber length, 
fiber strength, fiber orientation and the degree and nature 
of bonding. Because fiber orientation is a factor in both 
sheet structure and strength, its affect on some paper prop­
erties will now be discussed. 
FIBER ORIENTATION 
The major effect of biasing the fiber orientation in 
the machine direction on sheet strength is in terms of the 
relative bonded area (RBA), (6). The area of overlap between 
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fibers whose orientation differs by a few degrees is very 
large. The RBA of a fiber increases as its orientation 
approaches the direction of bias. Thus, fibers which approach 
the machine direction in orientation are better bonded than 
the fewer fibers oriented in the cross machine direction. 
This fact could be responsible then for some-of the tensile 
strength anisotropy of machine made papers. 
For tensile strength, the paper fails long before com­
plete loading of the fibers is achieved (1). This behavior 
must be caused then by failure of fiber-to-fiber bonding areas. 
The tensile strength of highly oriented sheets fail because 
of fiber breakages when the strain is applied at small angles 
to the preferred orientation, because of bond failure at high 
angles and because of bond failure due to shear strain at 
intermediate angles. When stretched at o0 , the broken ends 
are very irregular; at all other angles, the broken ends are 
quite regular. In addition, the breakage line always occurs 
along the machine direction for angles -,,1 5
° which would indi­
cate that fiber-to-fiber bond failure is the major mode of 
failure in these directions (1). 
All fibers oriented between o0 and 60° to the direction 
of straining are strained axially during sheet elongation (5). 
Their load contribution to the sheet increases from zero for 
fibers oriented at 60° to a maximum for fibers oriented at 
o0 • All fibers oriented between 60° and 90° buckle and make
no contribution to sheet load. 
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The relative number of fibers broken during tensile 
failure increase with angle to a maximum in the vicinity 
of 90° w.r.t. the line of rupture (8). The increase of 
percentage of broken fibers is associated with increasing 
bonding due to beating, orientation and wet pressing. Ten­
sile loading is more uniformly distributed in segments of 
like orientation (7). 
The fiber orientation distribution throughout the thick­
ness of a sheet is shown mathematically to be related to the 
ratio Zmd:Zcd, the zero span tensile strengths in the machine 
and cross machine directions, respectively (4). The zero 
span tensile strength, z, is equal to the effective tensile 
strength of those fibers gripped by the jaws where the 
•effective" tensile strength of straight fibers is only a
function of their true tensile strength and their orientation 
distribution. 
There are various practical problems associated with 
zero span testing but these problems should apply more or 
less equal in both the MD and CD, and hence their effects 
should cancel out. If fiber pullout occurs in a test along 
with fiber failure due to imperfections in the testing con­
ditions, then the result is invalid. The failure line should 
have the appearance of being cut (4). 
If the clamping pressure of the zero span jaws is too 
low the jaws will slip and the indicated breaking force will 
be too low. Also, if the pressure is too high, the fibers 
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will be damaged and the indicated breaking force will again 
be too low. For a wide range of intermediate jaw pressure 
values, the indicated breaking force is independent of jaw 
pressure (8). 
Most random oriented sheets realize only approximately 
60% of their potential strength because of their fibers 
being curled (J). Fibers are never straight, but are curved 
in an indefinitely large variety of shapes (7). When the 
curl of a fiber segment is equal to or greater than the 
maximum stretch imposed on it by the sheet, the segment can­
not add to the load-bearing ability of the sheet (J). It 
is not possible to get a highly oriented sheet from a com­
mercially prepared pulp because even if one succeeds in 
aligning one part of the fiber, other parts of the same 
fiber will be oriented in other directions (1). 
Wet straining, (11), has long been associated with pre­
ferred fiber orientation in the sheet. The theory proposes 
that when the sheet is wet-strained, the fibers tend to 
become aligned in the direction of the applied stress. The 
effects of wet straining are attributed to this alignment. 
It is hypotesized that if the fibers are oriented by wet 
straining, an increase in the zero span tensile breaking stress 
of the sheet, in the direction of wet straining would be noted. 
Both fiber orientation and strains introduced during 
drying appear to have the same affect on paper properties (9). 
For instance, they increase tensile strength and decrease 
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extension at break in the machine direction. 
The relationship between extension at break and shrink­
age is independent of fiber orientation, but the change in 
tensile strength with shrinkage becomes larger as fiber 
orientation increases (9). Extension at break anisotropy is
due almost entirely to drying strains, but tensile strength 
anisotropy is caused mainly by fiber orientation. However 
the actual values of shrinkage and hence, extension at break, 
are influenced by fiber orientation. Rup�ure energy increases 
with increased shrinkage and is also higher in the direction 
of fiber orientation. Drying shrinkage may vary for sheets 
with different degrees of orientation (9). 
Rance (10), suggested that, with complete orientation 
in the direction of measurement, extension at break will be 
very low, but that the extension will rise as the orientation 
becomes more random and reaches a maximum when the orientation 
is at a mean angle of 67° to the direction of measurement. As 
this angle increases further, the extension at break will fail 
to zero. 
For paper dried under stress (11), the ultimate strength 
of the dry sheet is increased as the stress is increased. 
There is however, an optimum drying stress beyond which the 
sheet is weakened by additional loading. 
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AFFECTS OF THE PAPER MACHINE 
Many papermakers have claimed that paper is made at 
the point where the stock meets the wire. Others have also 
claimed that the first foot of the wire after the slice is 
the most important part of the wire. This is true to a 
considerable extent, according to Anderson and Bergstrom (2), 
as far as the properties of the paper web are concerned. 
They found that the conditions that were not reached by 
deposition of the fibers on the wire can never be reached 
by efforts in the later parts of the paper machine. By 
proper setting at the wet end, desired properties of the 
sheet can be approached but, they can be quite readily 
destroyed in the press and dryer sections of the machine. 
On the other hand, faults introduced during sheet formation 
can scarcely be remedied by the later parts of the paper 
machine (2). 
Anderson and Bergstrom (2) theorized that if there was 
a way to make a sheet of paper; with completely random oriented 
fibers, the wire would have to be run at the exact same speed 
as the stock jet. This could be achieved if the fibers were 
randomly dispersed prior to their deposition onto the wire. 
Even at this speed, however, they expected to find some orien­
tation of the fibers due to the flow properties of the fiber/ 
water slurry. At wire speeds other than that of the stock 
jet then, fiber orientation would be increased. 
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Gates and Kenworthy (9) have found that when high draw 
tensions are applied to the paper web the ratio of CD/MD exten­
sion at break values are nearly double the ratio of these sam­
ples dried with minimal draw tension. They feel that paper 
could be made isotropic with respect to extension at break 
by manipulating the draw and felt tensions. ·However, the 
very slack draws that are required may be incompatible with 
satisfactory running on the machine. In any case, isotropy 
could be achieved only when extension at break was high and 
this is not always desirable. Schulz (11), in his study of 
drying under stress, concluded that tight draws and felts 
on the paper machine reduce the extensibility of the sheet 
in the machine direction. 
Stanley (15), found that when tension is applied in the 
machine direction in the form of draws, the fibers are strained 
and are dried in this extended state. This means that the 
extensibility of the sheet has been decreased by extension 
during drying. Therefore, when the sheet is subjected to an 
elongation test in the machine direction (MD), the extension 
at break is less than it would be for a similar sample dried 
with less strain. The cross machine direction (CD) extension 
at break increased as the draw tension was increased. Stanley 
also found that the tensile energy absorption (TEA) decreased 
with increasing tension while the CD TEA increased. 
In a separate but related study, Hughes (16) showed that 
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an increase in draw tension will cause an increase in the CD 
shrinkage. He also showed that increasing the draw tensions 
will increase the MD tensile while it decreases the CD tensile. 
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EXPERIMENTAL DESIGN 
The facilities of the Department of Paper Science and 
Engineering at Western Michigan University were used for 
all of the experimental work done in this study. 
The Paper Machine 
First of all, the pilot plant machine is a fourdrinier. 
It has an open headbox which can make flow control difficult. 
There is the press section with two presses, the dryer section, 
which is divided by the size press, and a calendar stack before 
the reel. There are no transport felts in the draws before and 
after the press section. 
Stock Preparation 
To study the affects of fiber length on orientation, 
two furnishes were used. Furnish one consisted of 100% 
bleached softwood kraft which was broken up in the Hollander 
beater and refined in the Claflin refiner to a freeness of 
485 Canadian Standard Freeness. Furnish two was 100% bleached 
hardwood kraft which was refined with the above equipment to 
a freeness of 480 CSF. 
Machine Operation 
The pilot paper machine was run two consecutive days 
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with one furnish being used each day. An attempt was made 
to keep the following conditions constant for each days runs 
machine speed at 70 feet per minute and basis weight at 40 lb, 
25xJ8-500. 
The draw tensions, slack and tight, were regulated by 
the following method. Tight draws were reached by increasing 
the tension until the web broke and then relieving it slightly. 
The web was then rethreaded through the machine. Slack draws 
were reached by relieving the tension until the web was hanging 
loosely in all sections and the web came off the couch at the 
same point. 
The flow of stock from the headbox was varied to provide 
the conditions of rush, drag and even flow. Rush samples were 
taken when the stock was flowing onto the wire faster than 
the wire was moving. Drag samples were taken when the wire 
speed was greater than the stock velocity and even samples 
were taken when the stock velocity was hopefully equal to the 
wire speed. 
Shrinkage Measurements 
The cross direction shrinkage was determined by fixing 
the squirts and then measuring the distance between them. 
That distance was 21 5/8 inches. 
The machine direction shrinkage was determined by dropping · 
a solution of Calcocid black dye in water onto the paper web 
before the couch. This was accomplished by mounting two eye-
-11-
droppers on a yardstick, 20 inches apart, and simultaneously 
squeezing the bladderso The drops were placed in the front, 
middle and back of the sheet in hopes of creating a shrinkage 
profile. 
Sampling 
Samples were taken at the couch, after the press section 
and at the reel. The reel samples were marked and flagged at 
the reel. The press samples were taken from the draw between 
the press section and.the first dryer can. The couch samples 
were taken from the opening between the first and second 
presses, after the first press was raised, as a matter of 
convenience. Therefore, some degree of draw had been intro­
duced to the couch samples. The press and couch samples were 
placed between pieces of press felts and left overnight. They 
were then placed between sheets of pulp and allowed to dry. 
The samples were labelled according to the following 
schemes 
L 
Fiber Length 
L-Long
S-Short
This example would 
D 
Drag Ratio 
D-Drag
R-Rush
E-Even
read: Long 
T' 
Draw Tension 
T-Tight
S-Slack
Drag Tight Press 
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p 
Position 
C-Couch
P-Press
R-Reel
Evaluation of Samples 
All samples were conditioned and tested according to 
Tappi Standards. 
Elongation and shrinkage measurements were made using 
a steel tape, the same one that was used to measure the 
squirts. 
A Pulmac zero span tester was used to test samples for 
the orientation determination. Samples were ruptured at 
spans of 0.2, 0.4, o.6 and 1.0mm. This data was plotted on 
semi-log paper and a straight line was drawn between the 
points and extrapolated to determine the "true" zero span 
tensile. 
Tensile, extension at break and TEA were obtained from 
an Instron tensile tester with an attached integrator. 
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PRESENTATION OF RESULTS 
Orientation 
The orientation of fibers has been shown to be related 
to the ratio of Zrnd to Zed (4). A value of 1.0 would indi­
cate no degree of orientation while a value greater than 
1.0 indicates that the fibers tend to be oriented in the 
machine direction. The data, shown in Table 1, shows that 
there is a degree of fiber orientation in the machine direc­
tion for all of the samples but two. The orientation averages, 
Table 2, show that the highest degree of orientation occurred 
when the stock velocity exceeded the wire velocity. Table 2 
also shows that the only significant difference in orienta­
tion between furnishes is in the drag samples, where the long 
fibers were oriented to a much greater degree than were the 
short fibers. 
Elongation and Shrinkage 
The data for machine direction elongation and cross 
machine direction shrinkage is presented in Table 7. The 
data shows that as draw tensions are increased, the MD 
elongation increases and the CD shrinkage increases. The 
MD elongation values were quite varied across the sheet. 
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Tensile 
The tensile strength values, shown in Tables 4 & 5, 
show that the long fibers make a stronger sheet than do the 
short fibers. The MD tensile increases from the couch to 
the press to the reel. The CD tensile data indicates that 
in most cases the press samples had the highest tensile 
strength. The rush samples had the highest MD tensile and 
the even samples had the lowest. 
Because of fluctuations in basis weight, Table J, tensile 
factors were calculated, Table 6. This adjustment, however, 
did not change the trends noted above. 
Tensile Energy Absorption 
The TEA data shows that sheets made from long fibers 
absorb more energy than do sheets made from short fibers. 
All other TEA data is too random to draw any conclusions. 
The TEA data is shown in Tables 4 & 5. 
Extension at Break 
The extension at break data shows a greater percentage 
elongation for CD samples than for MD samples. The data 
also shows, Tables 4 & 5, that MD extension at break decreases 
from couch to press to reel. The CD extension at break is 
pretty random but shows a general trend of increase along 
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the machine, especially in the long fiber samples which had 
higher values than the short fiber samples did. The long rush 
samples had the greatest extensions while the short even samples 
had the lowest. 
The ratio of CDsMD extension at break values showed 
trends of being larger for tight draws and for reel samples. 
The data is shown in Table 8. 
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DISCUSSION OF RESULTS 
Orientation 
The data shows that in every case but two there is a 
degree of fiber bias in the machine direction. This implies 
that it would be difficult to form a sheet of paper with 
completely random orientation using this paper machine. It 
appears that the fiber biasing evolves from two seperate 
phenomena. One is the combing action of the wire at the 
stock wire interface which was mentioned by Danielson and 
Steenberg, in Schulz (11). The second phenomenon would be 
the flow characteristics of the stock both on the wire and 
in the slice. The fact that the rush samples had the highest 
degree of orientation would tend to support this second idea. 
With the use of chi-squared analysis, all of the data 
was looked at for trends. This analysis provided two points 
of interest. First, for samples that were dragged, the long 
fibers were significantly more oriented than the short fibers. 
For even and rushed samples there was no difference in orienta­
tion between long and short fibers. For all long and short 
fibered samples, the chi-squared analysis indicated that the 
long fibers could be more oriented but the values were to 
close to decide completely. 
The second significant result of the chi-squared analysis 
revealed that for all samples, those with tight draws were 
-17-
oriented more than those with slack draws. However, for 
slack vs. tight draws in each section (i.e. couch, press, 
reel) there was no difference in orientation. It should 
be mentioned here that all of the chi-squared analyses were 
done at the 95% confidence level. 
Sources of error in making the orientation measurements 
could come from differences in the rate of loading in the 
zero span tester and from the drawing of straight lines on 
the plots of zero span data. Another source of error could 
be in the degree of r�fining of the short and long fiber 
furnishes. The two furnishes were refined to the same 
Canadian Standard Freeness (485 and 480) for the machine 
runs. The degree of refining however, was greater for the 
softwood than it was for the hardwood. This may or may not 
make a difference in the alignment of the fibers. 
Elongation and Shrinkage 
The data shows that draw tensions definitely effect the 
MD elongation and the CD shrinkage. The results were as 
expected and coincide with the works of Stanley (15), Hughes 
(16) and Schulz (11). The MD elongation measurements taken
in the front, middle and back of the sheet were very random 
with no one position longer or shorter. This randomness is 
probably due to the methods used to mark the sheet and measure 
the drops. While marking the sheet, it was impossible to 
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squeeze the eyedroppers at exactly the same time, every time. 
Also, the ink formed large spots and it was difficult to 
measure the corresponding part of each spot. The MD measure-· 
ments were accurate enough to show the trends provided by 
the draws. 
The elongation and shrinkage measurements were too 
random to reach any conclusions on the effects of orientation. 
Tensile 
The tensile data came out just as expected. The MD 
tensile was greater than the CD tensile, the long fiber 
samples were stronger than the short fiber samples, and the 
tensile strength increased from the couch to the press to the 
reel. This latter phenomenon was due to the increased draw 
that the samples were subject to. The rush samples, which 
had the highest degree of orientation, also had the highest 
MD tensile strength. 
Tensile Energy Absorption 
The TEA that was obtained was so random that no conclu­
sions can be drawn. The randomness could stem from the fact 
that most of the long fiber samples did not break cleanly and 
the graph was skewed. To remedy this, the Instron chart paper 
was cut along the outline of the graph to the point of maximum 
elongation and then back to the axis for those samples that 
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did not break cleanly. A set of samples which did break 
cleanly were also cut out and used for comparison. The 
pieces were weighed and the TEA was calculated. The com­
parison between weighed and known was close but not without 
error. 
Extension at Break 
The extension at break data corresponded well with 
Stanley's (1.5) findings as far as draw tensions were con­
cerned. The CDiMD extension ratios also correspond well with 
the literature (9). 
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CONCLUSIONS 
Fiber orientation increases the tensile strength in 
the direction of orientation. 
Fiber orientation is found in all machine made papers. 
Fiber orientation·is generally independent of fiber 
length. 
Rushing the stock onto the wire will produce the most 
oriented sheet, on this machine. 
Large draw tensions will increase the orientation of 
� a sheet. 
Draw tensions increase MD elongation and CD shrinkage. 
Eye droppers are not a good way of marking the sheet 
for shrinkage measurements. 
RECOMMENDATIONS 
While doing this study, several related areas where 
research could be done came to mind. 
The degree of refining vs. orientation. 
Furnish viscosity vs. orientation. 
Fiber length vs. the degree of dragging. 
-21-
; 
t 
BIBLIOGRAPHY 
1. Prud'homme, R. E., and Robertson, A. A., �i 59, No. 11
145-148 ( 1976).
2. Anderson, o., and Bergstrom, J., Tappi 37, No. 111 542-
546 (1954).
3. Perez, M., and Kallmes, o. J., Tappi 48, No. 101 601-606
(1965).
4. Kallmes, o. J., Tappi 52, No. 31 482-485 (1969).
5. Kallmes, o. J., Paper Trade Journal 154, No. 291 54-57
(1970).
6. Kallmes, o. J., in "Theory and Design of Wood and Fiber
Composite Materials" (B. A. Jayne, ed.), Syracuse Univer­
sity Press, 1972, P• 157-175•
- 7. Van Den Akker, J.- A., in "Theory and Design of Wood and
Fiber Composite Materials" (B. A. Jayne, ed.), Syracuse
University Press, 1972, P• 197-217.
8. Van Den Akker, J. A., Lathrop, A. L., Voelker, M. H.,
and Dearth, L. R., Tappi 41, No. 81 416-425 (1958).
9. Gates, E. R., and Kenworthy, I. C., Paper Technology 4,
No. 5• 485-492 (1964).
10. Rance, H. F., Tappi 37, No. 121 640-654 (1954).
11. Schulz, J. H., Tappi 44, No. 10: 736-744 (1961).
12. 
1J. 
14. 
15. 
16. 
Robertson, J. A., and Bailey, F. W., "BPBMA", Proc. Tech.
Sect. 15, No. 1: 155-159•
Majewski, z. J., in "Formation and Structure of Paper"
(Bolam, ed.), London, William Clowes and Sons, 1962, Vol.
2, p. 749.
Cowan, W. F., and Cowdrey, E. J., K., Tappi 57, No. 2:
90-93 (1974).
Stanley, K. R., Unpublished Work, April 1969. 
Hughes, J. J., Unpublished Work, April 1971. 
-22-
APPENDIX 
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SAMPLE Zmd* � 
LE'I'C .3 • .30 2.70 
LESC .3.66 2.90 
LETP 3.39 2.68 
LESP .3.17 2.47 
LETR 4.41 2.83 
LESR 3.76 2.90 
LDTC 4.10 2.78 
LDSC 4.19 3.00 
LDTP 3.95 2.78 
LDSP .3.49 .3.13 
LDTR 3.83 2.77 
LDSR 3.25 2.55 
LRTC 4.19 2.68 
LRSC 3.81 2.16 
LRTP 3.73 2.42 
LRSP 3.23 2.64 
LRTR 3.60 2 .43 
LRSR 4.04 2.70 
TABLE 1 
ORIENTATION RATIOS 
ZmdLZed Sam12le 
1.22 SETC 
1.26 SESC 
1o26 SETP 
1.28 SESP 
1.56 SETR 
1.30 SESR 
1 .47 SDTC 
1 .40 SDSC 
1 .42 SDTP 
1.12 SDSP 
1.38 SDTR 
1.27 SDSR 
1.56 SRTC 
1.76 SRSC 
1.54 SRTP 
1.22 SRSP 
1.48 SRTR 
1.50 SRSR 
Zmd 
2.90 
2.37 
2.73 
1.7� 
.3 • .37 
3.25 
.3.50 
2.94 
.3.07 
2.55 
3.78 
3.50 
3.6.3 
1 • .30 
3.20 
2.56 
4.05 
2.90 
*Zmd and Zed are in P.S.I. to rupture.
TABLE 2 
ORIENTATION AVERAGES 
SAMPLE SET AVE. SAMPLE SET 
Long Even 1 • .31 Short Even 
Long Drag 1 • .34 Short Drag 
Long Rush 1.51 Short Rush 
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Zed ZmdLZed 
1.72 1.69 
1.55 1.5.3 
1.5.3 1.78 
1.95 0.89 
3.00 1.12 
3.01 1.08 
.3.05 1.15 
2.90 1.01 
2.97 1.03 
2.87 0.89 
2.90 1.30 
3.09 1.1.3 
2.20 1.65 
0.89 1.46 
2.46 1.30 
2.17 1.18 
2.58 1.57 
2.20 1 • .32 
� 
1 • .35 
1.09 
1.41 
TABLE 3 
BASIS WEIGHTS 
SAMPLE BASIS WT, f!.!m2 SAMPLE BASIS WT. g/__m2
Long Even Slack 56.7 Long Even Tight 54.3 
Long Drag Slack 59.4 Long Drag Tight 62.2
Long Rush Slack 56.5 Long Rush Tight 58.5 
Short Even Slack 55.5 Short Even Tight 59.3 
Short Drag Slack 55.6 Short Drag Tight 65.0 
Short Rush Slack 51.8 Short Rush Tight 62.1 
TABLE 4
LONG FIBER INSTRON DATA 
SAMPLE TENSILE EXTENSION SAMPLE TENSILE EXTENSION 
(md) STRENGTH AT BREAK. TEA {cd) STRENGTH AT BREAK TEA 
LESC 247.2 4.2 .677 LESC 162.6 5.2 .• 592
LESP 331o5 4.1 .896 LESP 200.4 4.9 .641 
LESR 377.2 2.5 .602 LESR 202.8 4.6 .696 
LETC 255.1 4.1 .677 LETC 153.9 5.0 .530 
LETP 368.9 3.3 .775 LETP 180.7 5.2 .694 
LETR 374.8 1.8 .441 LETR 158.7 5.7 .656 
LDSC 245.3 3.7 .666 LDSC 162.6 4.3 .459 
LDSP 355.1 3.7 .850 LDSP 230.7 4.4 .764 
LDSR 385.0 2.6 .649 LDSR 209.8 5.1 .780 
LDTC 279.5 3.8 .728 LDTC 167.3 4.5 .501 
LDTP 428.3 3.3 .920 LDTP 183.1 4.5 .565 
LDTR 437.0 2.1 .589 LDTR 171.7 5.8 .741 
LRSC 314.6 4.9 .973 LRSC 145.3 5.4 .538 
LRSP 397.6 4.3 1.033 LRSP 213.8 5.5 .795 
LRSR 436.2 2.7 .743 LRSR 192.1 5.8 .811 
LRTC 351.2 4.5 .994 LRTC 158.3 5.5 .599 
LRTP 444.1 3.4 .929 LRTP 203.5 6.2 .855 
LRTR 508.7 2.5 .822 LRTR 171.7 6.2 •,775 
NOTE: Tensile strength is in Kg/m 
Extension at break - %
Tensile_ Energy Absorption (TEA) - Kg-cm/cm2
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TABLE 5
SHORT FIBER INSTRON DATA 
SAMPLE TENSILE EXTENSION SAMPLE TENSILE EXTENSION 
� rnd} STRENGTH AT BREAK TEA !cd} STRENGTH AT BREAK TEA 
SESC 108.7 .3.1 .222 SESC 76�0 3.2 .164 
SESP 119 • .3 1.6 .120 SESP 76.4 2.2 .099 
SESR 245.7 1.5 .209 SESR 156.7 2.9 .318 
SETP 189.0 2.3 .274 SETP 112.6 3.4 .260 
SETR 286.6 1 .4 .2.35 SETR 16.3.0 2.9 .335 
SDSC 127.6 2.4 .203 SDSC 120.5 2.4 .200 
SDSP 188.2 2.6 • .31.3 SDSP 156.7 3.1 ,343 
SDSR 265.4 1.8 • .312 SDSR 171 • .3 2.9 • .340
SDTC 151.6 2.6 .250 SDTC 125.2 2.6 .219
SDTP 240.6 2.4 .337 SDTP 170.9 2.8 • .323
SDTR 261.4 1.6 ,228 SDTR 157.5 2.5 .255 
t SRSC 89,8 2.2 .128 SRSC 48.4 2.4 .092
SRSP 228.J 2,8 ,389 SRSP 139.4 3.5 .335 
SRSR 261.0 1.7 .250 SRSR 129.5 2.9 .265 
SRTC 184.6 2.4 .283 SRTC 129.1 .3.2 .276 
SRTP .310.6 2 .6 .535 SRTP 172.4 .3.7 .444 
SRTR .312.2 1.5 .276 SRTR 167 • .3 .3.7 .443 
NOTE1 Tensile strength is in Kg/m 
Extension at break - %
TEA - Kg-cm/cm2
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TABLE 6 . 
TENSILE FACTOR 
SAMPLE FACTOR SA.lv1PLE FACTOR SAMPLE FACTOR SAMPLE FACTOR 
(md) (cd) (md) (cd)
LESC 4.36 LESC 2.87 SESC 1.96 SESC 1.37 
LESP 5.85 LESP 3.53 SESP 2.15 SESP 1.38 
LESR 6.65 LESR 3.58 SESR 4.43 SESR 2.82 
LETC 4.70 LETC 2.83 SETP 3.19 SETP 1.90 
LETP 6.80 LETP .3.33 SETR 4.83 SETR 2.75 
LETR 6.90 LETR 2.92 SDSC 2.29 SDSC 2.17 
LDSC 4.13 LDSC 2.74 SDSP 3.38 SDSP 2.82 
LDSP 5.98 LDSP 3.88 SDSR. 4.77 SDSR 3.08 
LDSR . 6.48 LDSR 3.53 SDTC 2.33 SDTC 1.93 
LDTC 4.49 LDTC 2.69 SDTP 3.70 SDTP 2.63 
LDTP 6.89 LDTP 2.94 SDTR 4.02 SDTR 2.42 
LDTR 7.03 LDTR 2.76 SRSC 1.73 SRSC 0.93 
LRSC 5.57 LRSC 2.57 SRSP 4.41 SRSP 2.69 
LRSP 7.04 LRSP 3.78 SRSR 5.04 SRSR 2.50 
LRSR 7.72 LRSR 3.40 SRTC 2.97 SRTC 2.08 
LRTC 6.oo LRTC 2.71 SRTP 5.00 SRTP 2.78
LRTP 7.59 LRTP 3.48 SRTR 5.03 SRTR 2.69 
LRTR 8.70 LRTR 2.94 
*Tensile Factor = Tensile Stren
g
th/Basis Wt. _ � = Kg-mg/
m2 
g 
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TABLE 7 
ELONGATION/SHRINKAGE* 
MEASUREMENTS 
MACHINE CROSS-MACHINE 
SAMPLE FRONT MIDDLE BACK DIRECTION DIRECTION 
SDSR 2.65 2.80 2.35 2.60 2.71 
SDTR 2.95 3.15 2.20 2.75 3.58 
SESR 4.75 J.45 3.15 J.80 2.71 
SETR 4.05 3.90 6.25 4.75 3.58 
SRSR J.60 3.60 3.75 3.65 3.17 
SRTR 5.65 5.30 4.85 5.25 4.46 
LDSR 0.95 0.15 0.65 0.55 4.92 
LDTR. 4.55 J�45 6.25 4.75 7.79 
LESR 1.55 2.20 1.40 1.70 4.28 
LETR 5.95 6.25 5.00 5.75 7.24 
LRSR 1.70 0.80 1.40 1.30 4.97 
LRTR 4.40 3.30 3.75 J.80 7.05 
*Front, middle, back and machine direction values are percent
elongation.
Cross-machine direction values are percent shrinkage.
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TABLE 8 
EXTENSION AT BREAK RATIOS 
E.A.B.* E.A.B. RATIO E.A.B. E.A.B, RATIO 
SAMPLE md cd cdL'.md SAMPLE md cd cdL'.md 
LESC 4.2 5.2 1,24 LETC 4,1 5.0 1,22 
LESP 4,1 4,9 1.20 LETP J.J 5,2 1,58 
LESR 2.5 4.6 1,84 LETR 1.8 5,7 J,16 
LDSC J,7 4.J 1.16 LDTC J.8 4.5 1,18 
LDSP 3.7 4.4 1.19 LDTP J.J 4,5 1.36 
LDSR 2.6 5.1 1.96 LDTR 2.1 5.8 2.76 
LRSC 4.9 5,4 1.10 LRTC 4.5 5.5 1.22 
LRSP 4.J 5,5 1.28 LRTP J.4 6.2 1,82 
LRSR 2.7 5,8 2.15 LRTR. 2.5 6.2 2.48 
SESP 1.6 2.2 1.38 SETP 2,J J.4 1 .48 
SESR 1.5 2,9 1.93 SETR 1 .4 2.9 2.07 
SDSC 2.4 2.4 1.00 SDTC 2.6 2.6 1.00 
SDSP 2.6 J.1 1.19 SDTP 2.4 2.8 1.17 
SDSR 1.8 2.9 1.61 SDTR 1.6 2.5 1.56 
SRSC 2.2 2,4 1.09 SRTC 2.4 J.2 1.33 
SRSP 2.8 3.5 1.25 SRTP 2.6 3.7 1.42 
SRSR 1.7 2.9 1.71 SRTR 1.5 3.7 2.47 
*Extension at break percentage.
; 
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